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SUMMARY Bacterial chromosomes initiate replication at a fixed time in the cell
cycle, whereas there is generally no particular time for plasmid replication initia-
tion or chromosomal replication initiation from integrated plasmids. In bacteria
with divided genomes, the replication system of one of the chromosomes typi-
cally resembles that of bacteria with undivided genomes, whereas the remaining
chromosomes have plasmid-like replication systems. For example, in Vibrio chol-
erae, a bacterium with two chromosomes (chromosome 1 [Chr1] and Chr2), the
Chr1 system resembles that of the Escherichia coli chromosome, and the Chr2
system resembles that of iteron-based plasmids. However, Chr2 still initiates rep-
lication at a fixed time in the cell cycle and thus offers an opportunity to under-
stand the molecular basis for the difference between random and cell cycle-
regulated modes of replication. Here we review studies of replication control in
Chr2 and compare it to those of plasmids and chromosomes. We argue that al-
though the Chr2 control mechanisms in many ways are reminiscent of those of
plasmids, they also appear to combine more regulatory features than are found
on a typical plasmid, including some that are more typical of chromosomes. One
of the regulatory mechanisms is especially novel, the coordinated timing of repli-
cation initiation of Chr1 and Chr2, providing the first example of communication
between chromosomes for replication initiation.
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INTRODUCTION

Failures to control the frequency or timing of DNA replication can cause slowed
growth and cell death or result in genome instability and uncontrolled cell prolif-

eration. The underlying control systems are therefore among the most important in
biology, from both basic science and clinical perspectives, and have been extensively
studied in all three domains of life: bacteria, archaea, and eukarya (1). In bacteria, there
is typically a single chromosome, and initiation is triggered at a single origin of
replication. However, about 10% of sequenced bacteria have their genomes divided
into two or more chromosomes (2, 3). This raises several questions regarding the
genesis of such divided genomes, the mechanisms that ensure their stability, and the
extent to which the different chromosomes communicate with each other. Here we
discuss these questions in the context of the human pathogen Vibrio cholerae, where
the genome is divided into two chromosomes: chromosome 1 (Chr1) and Chr2. This is
the only bacterium to date with a divided genome where the relationship between
replication and the cell cycle has been studied in detail and is thus the most likely
bacterium to provide initial answers to these questions.

V. cholerae Chr1 has similarity to the well-studied chromosome of Escherichia coli
and is controlled by the replication initiator protein DnaA, as is the norm in bacteria (4).
The region responsible for the replication initiation of Chr2 resembles those of large,
low-copy-number E. coli plasmids, such as F and P1 (5). These plasmids have an array
of repeated sequences (iterons) that bind the plasmid-specific initiator protein for both
initiation and control of initiation. The two chromosomes of V. cholerae are also
distinguished by the essential genes that they carry. As in other bacteria with divided
genomes, the majority of the essential genes are present in one of the chromosomes
(the largest [Chr1 in the present context]), and a very limited number (and those are
variable) are present on other chromosomes (6). These characteristics give rise to the
general view that bacteria with divided genomes become so by the recombinational
transfer of a few essential genes to plasmids. Since such bacteria belong to several
different phyla, divided genomes appear to have arisen on more than one occasion
during bacterial evolution. (Note that what exactly distinguishes a chromosome from a
plasmid is still a matter of debate [6, 7], but for the purposes of this review, we consider
a chromosome to be a natural self-replicating DNA that carries essential genes.)

Although plasmids are common in bacteria, and different plasmids often cohabit the
same bacterial cell (8), plasmid-like replicons are not normally found to drive chromo-
somal replication. Chromosomes differ from plasmids in the timing of their replication
in relation to the cell cycle. Chromosome replication initiates at a particular cellular
state (such as accumulation of cell mass or reaching a certain cell cycle stage), while
plasmid replication does not. Wherever studied, plasmid replication in different cells of
a culture can occur at any point in the cell cycle. The high copy numbers and small size
of plasmids relative to chromosomes presumably remove the risk that replication late
in the cell cycle will retard or disrupt cell division (9–11) or that the cell will divide
before replication occurs. For chromosomes, it appears that their large size necessitates
controlling the timing of replication initiation for the timely completion of the cell cycle.
However, integrated plasmids are in some circumstances able to ensure chromosome
replication and cell viability in the absence of the normal replication system (integrative
suppression) (12), at the price of discoordination with the cell cycle, leading to long
interdivision times, cell shape abnormality, and slow growth (13, 14). One question that
we focus on here is how the natural plasmid-like replicons of secondary chromosomes
behave, i.e., whether they overcome the lack of timing of the original plasmids and link
replication to the cell cycle.

It was clear early on that unlike that of plasmids, replication initiation of V. cholerae
Chr2 is indeed cell cycle regulated (15). Since the control of replication is reasonably
well understood for the E. coli chromosome and iteron-based plasmids, a comparative
study of these replication systems with that of Chr2 appears relevant to address how
the timing of an important biological process switched from being random to being
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cell cycle regulated. Here, we discuss Chr2 replication in terms of the principles of
control learned from studying the replication of the E. coli chromosome and plasmids.
We find that the replication control of Chr2 is significantly more complex than that of
related plasmids, more comparable to chromosomes than to plasmids, even though the
molecular mechanisms are more like those of plasmids. We also discuss the coordina-
tion of Chr2 replication with the cell cycle.

NEGATIVE-FEEDBACK CONTROL OF REPLICATION INITIATION

The mechanism of replication initiation was proposed initially in the replicon model
in the early 1960s (16, 17). The proposal was elegant in its simplicity and specified that
self-replicating units of DNA (replicons), such as plasmids and chromosomes, would
depend upon two basic elements: the replicator, later called the origin of replication,
and a structural gene for a protein, called the initiator, which binds the origin. The
specificity of the initiator-origin interactions prevents replication initiation from ectopic
sites in the molecule. Pritchard et al. later pointed out that the replicon model and a
few other subsequent models were inadequate because they lacked features that could
adjust for fluctuations in initiation times (18). Such fluctuations are expected for all
chemical reactions in single cells, e.g., due to the probabilistic nature of initiator
synthesis, and are particularly important for self-replicating systems where fluctuations
may not be corrected at all without active control. Some of the variation in timing could
come from fluctuations in the abundances of an initiator, but even without such
fluctuations, heterogeneity in the timing of individual events is unavoidable because
chemical events are fundamentally probabilistic.

To meet this concern, Pritchard et al. proposed that replicons should have a
negative regulator of replication—an inhibitor—whose concentration determines the
replication initiation probability. A round of initiation is permitted when the inhibitor
concentration drops below a critical concentration (the inhibitor dilution model), and
premature rereplication is prevented due to a rise in the inhibitor concentration due to
a higher gene dosage postreplication or more dramatically, e.g., via a burst of tran-
scription of the inhibitor gene triggered by replication. This forms a negative-feedback
loop that solves many problems of self-replication. For example, a self-replicating
system without some sort of feedback control could never set the replication frequency
to exactly once per cell cycle, even on average, and even the smallest offset would
accumulate over time and lead to either losses or high numbers of replicons. A
nonfeedback system that was perfectly tuned to one condition would also over- or
underreplicate under another condition, whereas feedback can adjust automatically to
ensure a single replication per cell cycle on average. Finally, because all chemical
reactions are probabilistic, even a hypothetical nonfeedback self-replicating system
that on average replicated exactly once per cell cycle would eventually accumulate
extreme random fluctuations in copy numbers, for two reasons. First, even if there were
no fluctuations during the cell cycle, a cell with 10 plasmid copies at cell division that
accidentally placed 4 into one cell and 6 into the other would, without feedback, create
one lineage that replicated from 4 to 8 copies and another that replicated from 6 to 12
copies, until new errors occurred, creating further variation between lineages. Second,
keeping a constant replication probability per time unit would additionally cause a
large random variation in the number of replication events per cell cycle; specifically,
the number of events would be Poisson distributed in any given time window. The
requirement of an inhibitor-based control system thus seems obligatory to stably
maintain a replicon copy number (Fig. 1). Indeed, to date, no replicon has been found
without its own inhibitor and negative feedback, and subsequent research on plasmid
replication control has largely been an exploration of mechanisms of negative regula-
tion. Many regulatory mechanisms have been discovered and characterized. Here we
describe those relevant to iteron-based plasmids and their host (mainly E. coli) chro-
mosomes.
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COPY NUMBER CONTROL OF ITERON-BASED PLASMIDS BY NEGATIVE
FEEDBACK

Plasmids such as P1, F, RK2, R6K, pSC101, and pPS10 are well-characterized members
of the iteron-based replicon family (Fig. 2) (5). Iterons are the initiator binding sites in
these plasmids. Although essential for initiation, iterons also serve as inhibitors, par-
ticularly when their number increases upon replication, because the sister origins
compete for the initiator, making it a limiting factor for initiation (“initiator titration”)
(19–21). However, this mechanism may appear more straightforward than it is. If
plasmids were able to keep a constant total level of the initiator, then titration would
immediately create a negative-feedback loop by spreading out the initiators over more
sites upon replication. However, when the plasmid replicates, the gene dosage for the
initiator also increases, and thus, more of the initiator is made as well. Thus, on its own,
titration would not necessarily be sufficient for control, and indeed, several additional
mechanisms are found to control initiator synthesis and activity.

Initiator synthesis is controlled by transcriptional autorepression. The initiator pro-
moters are sometimes buried within the array of origin iterons, and initiator binding to
origin iterons also serves to repress the promoter (21). More commonly, initiator
promoters have adjacent inverted repeats of half-iterons, which serve as dedicated

FIG 1 Self-regulating plasmid copy number control system based on negative feedback. A plasmid copy
number of 1 in abscissa refers to the average copy number of a plasmid per cell in a steady-state culture.
During exponential growth, the copy number is maintained by replicating every plasmid on average
once per cell cycle (the coordinates 1, 1). The control system realizes this by actively sensing deviations
from the average copy number in either direction and adjusts the replication initiation rate accordingly.
At a reduced copy number, the replication rate increases to �1, and at an increased copy number, the
replication rate decreases to �1 (negative-feedback control). Since plasmids control replication by
sensing their own copy number, the control system is “self-regulating.” (Adapted from reference 97 with
permission of the publisher [copyright Elsevier {1984}].)

FIG 2 Maps showing features common in the origin regions of plasmid P1 and chromosome 2 (Chr2) of
V. cholerae. Both regions have a DnaA binding site (black pentagon), an AT-rich region (A�T), multiple
initiator binding sites (gray hexagons) (called iterons in plasmids and 12-mers in Chr2), and an autore-
pressed initiator gene (repA and rctB, respectively). Autorepression is achieved by RepA binding to iterons
in P1 and RctB binding to a 29-mer (red square), which is unrelated to 12-mers in sequence. P indicates
promoters. The minimal regions that suffice as origins are marked as P1ori and ori2. The iterons and
12-mers outside P1ori and ori2 (called incA and inc2) reduce origin activity, although in Chr2, the activity
of inc2 12-mers reverses in the presence of another regulator (39-mer) (shown in Fig. 7).
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operators of transcription of the initiator gene. Transcriptional autorepression is often
thought of as a simple negative-feedback mechanism that dampens changes in the
initiator concentration due to, e.g., gene dosage. However, again, the control mecha-
nism sounds more straightforward than it is: once initiator molecules are titrated away
on other plasmid iterons, reducing the cytoplasmic concentration, it also relieves
transcriptional autorepression. In fact, these kinds of systems can create an uncon-
trolled rise in plasmid copy numbers (“runaway replication”) (Fig. 3) despite the
combination of autocontrol of initiator production and subsequent titration (5).
Another mechanism used to dampen the increase in initiator monomer levels upon
plasmid replication is initiator dimerization. This can serve a role similar to that of
transcriptional autoregulation. Specifically, if the dimer concentration is much higher
than the monomer concentration, the dimer concentration will be approximately the
same as the total concentration. Because the rate of dimerization depends on the
square of the monomer concentration, the monomer concentration will in turn stay
roughly proportional to the square root of the total. Thus, if an increase in the plasmid
level creates a proportional increase in the total level of the initiator, the monomer form
of the initiator would thus follow in proportion to the square root of the increase in
plasmid copy number. For example, a 9-fold increase in the total initiator concentration
would produce only a 3-fold increase in the monomer concentration, dampening the
self-replicative tendency. This significant but imperfect (or partial) dampening effect is
quantitatively similar to what is expected for transcriptional autoregulation without
cooperativity in the repression mechanism (Fig. 3) (5), and the combination of the two
mechanisms can in principle create much more dampened responses in the monomeric
form of the initiator. However, in the context of iteron-based control, this mechanism
suffers the same problem as the one described above: as new iterons titrate away
initiators, the monomer-dimer balance will reequilibrate to compensate for the titrated
molecules.

Thus, the seemingly corrective mechanisms of titration, autorepression, and
dimerization fail to ensure that the probability of replication initiation decreases after
a round of replication initiation. Indeed, there is another key mechanism to restrict

FIG 3 Steady-state levels of the initiator monomer at different plasmid concentrations. The concentra-
tion of the initiator increases linearly with increasing plasmid copy numbers when it is produced
constitutively. The increase is dampened when synthesis is controlled by transcriptional autorepression
(in a monomer-only system) or by dimerization of the initiator (in a monomer-dimer-equilibrating system,
without involving autorepression). The degree of dampening depends on r, the fraction of promoters
repressed or the fraction of the initiator present as a dimer. r is zero for the linear line (no autorepression
or dimerization). The square-root and the 4th-root plots are when r approaches 1. The square-root plot
is obtained when autorepression or dimerization is present alone, and the 4th-root plot is obtained when
both are present. Note that even in the most damped case, the initiator monomer level increases upon
an increase of the plasmid copy number, which would lead to uncontrolled (“runaway”) replication if
monomers are limiting for replication initiation. (Reprinted from reference 98 with permission [copyright
{2005} National Academy of Sciences, U.S.A.].)
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initiation, referred to as “handcuffing.” In handcuffing, sister origins are inactivated by
coupling them through initiator bridges that require the participation of dimeric
initiators (Fig. 4) (22, 23). This bridging is believed to cause steric hindrance to the origin
activity. In principle, this could create a stable system on its own, since at higher
plasmid concentrations, each plasmid copy would be more likely to be handcuffed,
ensuring less initiation of replication per copy when there are many copies per cell. This
mechanism also takes advantage of the dynamics of initiator dimers: when a plasmid
replicates, initiator synthesis increases, which increases the concentration of dimer
initiators. Replication thus means both that each plasmid copy has more copies with
which to form handcuffing pairs and that each pair can form more easily due to the
presence of more dimer initiator proteins. This lowers the replication probability
following a round of replication and could also provide a cooperative response, i.e., a
sharp downshift in replication when the desired copy number is reached.

In view of the presence of a mechanism like handcuffing, it is possible that initiator
titration also plays a feedback role. The key issue is that transcriptional autorepression
(and dimerization) typically leads to a damped increase in cytoplasmic levels in re-
sponse to a higher gene dosage, while what is needed is a damped increase in the total
levels so that titration can lead to lower cytoplasmic levels. However, if the initiators
bound to iterons can contribute to transcriptional autorepression via handcuffing (Fig.
4) (24), this mechanism could regulate total levels and not just the cytoplasmic fraction.
Such a mechanism would allow initiator titration to play a real role in feedback control
(23).

FIG 4 Control of replication in iteron-carrying plasmid P1. The controls target the initiator as well as the
iterons. The initiator is controlled negatively by three mechanisms: repression of transcription, inactiva-
tion by dimerization, and limiting availability by titration (steps 1 to 3). In P1, initiator binding to the
origin also causes repression of the initiator promoter (autorepression), with the promoter being buried
within the iteron array. The handcuffing reaction described below (step 4) possibly strengthens tran-
scriptional repression. The initiator dimerizes, but the dimers do not bind iterons. Upon initiation, iteron
numbers increase, which titrate the limiting amount of monomers, preventing the saturation of the
iteron arrays, and without saturation, origins cannot be activated. Moreover, the nascent origins are
paired via initiator bridges (handcuffing). The dimers, although inactive in iteron binding, participate in
handcuffing and thereby serve as inhibitors. The dimers and the iterons are the two inhibitors in this
system, and they cooperate in shutting down origins following replication initiation. Both of their
concentrations are reduced upon cell growth. Moreover, the chaperones (DnaJ and DnaK) actively
convert dimers to monomers. The increase in levels of monomers over dimers reduces handcuffing and
helps to saturate the origin with monomers, allowing replication initiation. The inhibitory interactions are
in red. For clarity, the iterons outside the origin (incA iterons) are not shown. They serve inhibitory roles
only by increasing titration and handcuffing with the origin iterons. (Adapted from reference 5 with
permission of the publisher.)
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In summary, both iterons and initiator dimers satisfy the requirement to be inhib-
itors set forth by Pritchard et al.; that is, their concentration must increase following
replication (18). Experimentally, evidence for the inhibitory role of iterons has always
been clear-cut, as increasing their numbers increasingly inhibited replication (19). The
inhibitory role of dimers became evident only when their importance in mediating
handcuffing was realized (25–28). The inhibitory role of initiator dimers was not obvious
earlier because the induced supply of excess initiators increased the concentrations of
both monomers and dimers, i.e., both initiator and inhibitor concentrations, which
partly neutralized the dominance of one over the other (Fig. 5). It now appears that the
primary mechanism of inhibition is by dimer-mediated handcuffing of iterons, the
probability of which increases because of increased dimer concentrations due to
increases in plasmid copy numbers. We note that, as speculated by Pritchard et al., in
plasmid P1, new initiators are synthesized in a burst when replication initiates (18, 29).
(In Bacillus subtilis, the autorepressed initiator gene dnaA is also induced at the time of
replication initiation [30].) An elongating replication fork most likely dislodges the
bound initiators from the promoter and thereby activates transcription (“replication-
induced transcription”) (29). This causes a more sudden increase in the dimer-to-
monomer (inhibitor-to-initiator) ratio.

How does replication resume? Apparently, replication resumes by inhibitor dilution
(20). Cell growth dilutes both iterons and dimers, which can have a cooperative effect
in reducing handcuffing.

CONTROL OF CHROMOSOMAL REPLICATION IN E. COLI

In bacteria, chromosomal replication is often regulated by the binding of the
initiator DnaA to multiple sites within and outside the origin (31). As in plasmids,
multiple mechanisms regulate the initiator, including transcriptional autorepression of
the dnaA gene, titration of DnaA, and inactivation of DnaA (31, 32). Additionally,
analogous to handcuffing, nascent sister origins are targeted for inactivation not by
pairing but by binding of a protein, a process that is called sequestration. The inhibitory
mechanisms are further detailed below.

Autorepression. The dnaA autorepression circuit is more complex than that found
in plasmids, as there are two promoters and a multitude of operators to which DnaA
binds (33–35). Additionally, the promoter region is under methylation control, as
discussed below for sequestration (36).

FIG 5 Response of P1 plasmid copy numbers to increasing initiator (RepA) concentrations. P1 plasmids
carried either the minimal origin or the origin with the incA iterons. RepA was supplied in trans from an
inducible promoter, and its levels and plasmid copy numbers are relative to the values seen in cells
carrying the wild-type P1 plasmid. Both curves show that the copy number reaches a plateau and then
decreases with further increases in RepA levels. Replication is more inhibited with further increases in
RepA levels (data not shown). Inhibition is interpreted to be due to the prevalence of dimers over
monomers at higher RepA levels.
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Titration. DnaA has 10 or more binding sites within the origin and around 300
additional sites distributed throughout the chromosome (37, 38). In plasmids, titration
sites are also found outside origins but in numbers comparable to those found within
the origin (Fig. 2). The role of titration appears to be stronger in chromosomal
replication than in plasmid replication.

Inactivation. DnaA binds to ATP or ADP, with the ATP-bound form (DnaA-ATP)
being the species required for initiation. The intrinsic ATPase activity of DnaA is weak
and is not required for replication initiation. This activity is stimulated by two mecha-
nisms, the major one being RIDA (regulatory inactivation of DnaA). In RIDA, DnaA-ATP
bound to titration sites throughout the chromosome is converted to DnaA-ADP when
encountered by the replication fork (31). This requires the participation of DNA-loaded
clamps (DNA polymerase processivity factor DnaN) and Hda, a homolog of DnaA. A
second mechanism also catalyzes the conversion of DnaA-ATP to DnaA-ADP by making
use of a cluster of DnaA binding sites in a locus called datA (39).

Sequestration. The replication origin of E. coli is unusually rich in Dam methylation
sites. Due to semiconservative replication, these sites become hemimethylated, allow-
ing the specific binding of a protein, SeqA (40). The nascent sister origins are thus made
largely inaccessible to other proteins (“sequestration”) until the sites become fully
methylated, which takes about one-third of the cell doubling time. The dnaA promoter
region is also sequestered due to nearby Dam methylation sites, preventing new DnaA
synthesis following replication initiation. This, together with titration and an expanding
cell volume, lowers the DnaA concentration sufficiently so that when the origins are
released from sequestration, the DnaA concentration would not be enough to trigger
initiation in the remainder of the cell cycle.

There are also mechanisms that promote replication initiation by increasing the
concentration of DnaA-ATP. The de novo-synthesized DnaA is likely to be largely ATP
bound, with the ATP concentration being 10 times higher than that of ADP in the cell
(41). Additionally, there are two clusters of DnaA binding sites, DARS1 and DARS2
(DnaA-reactivating sequence), involved in nucleotide exchange that convert DnaA-ADP
to DnaA-ATP (42, 43). Reactivation to DnaA-ATP is also accomplished by acidic phos-
pholipids (44, 45). Although the dynamics of these processes are largely unknown, their
effect results in maximizing the DnaA-ATP/DnaA-ADP ratio just before initiation (46).

In sum, the controls for chromosomal replication are more elaborate than the ones
operating on plasmid replication. How the chromosomal inhibitory mechanisms pro-
vide negative feedback has been extensively discussed elsewhere (31, 32) and is briefly
summarized below, where the mechanisms are compared with those operating on
plasmids.

COMMON GROUND IN REPLICATION CONTROL OF ITERON-BASED PLASMIDS
AND THE E. COLI CHROMOSOME

In E. coli, the chromosome and iteron-based plasmids control their replication
independently, employing replicon-specific initiators and inhibitors. The basic princi-
ples of control, however, have many similarities. Both control systems are centered on
the initiator and the origin, the two major players in initiation. In both systems, initiator
synthesis is controlled by transcriptional autorepression, initiator availability by titra-
tion, and initiator activity by dimerization (in plasmids) and binding of cofactors (ATP
versus ADP) (in the chromosome) (Fig. 6). The origin is targeted by plasmid-plasmid
handcuffing in one case and by SeqA-mediated sequestration in another. In E. coli, the
regulatory mechanisms with negative-feedback features are autorepression, titration,
RIDA, and sequestration. These mechanisms become effective or more pronounced
following replication initiation (32).

In both iteron-based plasmids and the E. coli chromosome, a striking feature of the
replication systems is the degree to which the different modes of control appear to be
interdependent. In plasmids, the balance between the monomeric and dimeric forms of
the initiator, which appears to be at the heart of control, depends on how much of the
initiator is synthesized through the autorepression circuit. As discussed above, the
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increase in the dimer concentration upon plasmid replication is counteracted to some
extent by autorepression. Initiator titration is in turn counteracted by both dimerization
and autorepression, unless handcuffing ensures that the titrated initiators in their
bound state can participate in control (24, 47). In fact, the same control-defective
mutants that show increased replication initiation (the copy-up phenotype) can be
defective in all three processes of autorepression, dimerization, and handcuffing, as
would be expected from their interdependence (48). Such tightly interwoven systems
are particularly challenging to analyze, and the relative importance of the different
control steps is not known, although the handcuffing interaction is considered neces-
sary.

The interdependence of control mechanisms is also apparent in chromosomal
replication. The functioning of RIDA, datA, and DARS is contingent upon DnaA titration,
the effectiveness of which depends on the initiator supply, which is in turn controlled
by autorepression and sequestration. Sequestration of the dnaA promoter is controlled
by Dam methylase, and DnaA in turn controls the expression of the dam methylase
gene (49). As in plasmids, it is difficult to single out any one step as being more
important than the others, but the balance between DnaA-ATP and DnaA-ADP appears
to be at the heart of this control. Not only do multiple regulators directly control the
balance (RIDA, datA, DARS, and acidic phospholipids), but the DnaA-ATP/DnaA-ADP
ratio also peaks before initiation (46). In sum, although the mechanisms are not always
the same in details, many principles of negative-feedback control apply to both plasmid
and E. coli chromosomal replication, and in both cases, the balance between initiators
and inhibitors appears to determine the initiation probability (5, 50).

CONTROL OF V. CHOLERAE CHROMOSOME 2 REPLICATION

To discuss how far the above-described control principles apply to a plasmid-like
replicon in charge of a chromosome, we now take up the case of V. cholerae Chr2. Chr2
appears to have retained essentially all the features of replication control present in
iteron-based plasmids. The origin of Chr2 contains an array of repeats (12-mers) for
initiator binding and an adjacent autorepressed initiator gene, rctB (Fig. 2) (51, 52). The
DNA binding of the initiator RctB is activated by chaperones, as is the case for plasmid
initiators (48, 53, 54). RctB can dimerize and can bridge the 12-mers (55). Several
additional inhibitory features are also found (Fig. 7). (i) Although monomers are the
active initiators for Chr2, RctB binds to 12-mers in both monomer and dimer forms, and
chaperones activate the binding of both initiator forms (53, 56). In plasmids, dimers
generally do not bind iterons, and chaperones reduce dimerization of the initiator (48,
53, 54). In Chr2, the dimers appear to serve as direct competitors of monomers for
12-mer binding, providing an additional inhibitory mechanism (53). (ii) The Chr2 origin
has Dam methylation sites at a density as high as that in the E. coli origin. The
methylation sites are invariably present in each of the 12-mers, and methylation of the
12-mers is required for efficient RctB binding (57). Dam is essential for V. cholerae
because of its role in RctB binding to 12-mers, which is essential for Chr2 replication.

FIG 6 Common principles that control P1 plasmid, E. coli chromosome, and V. cholerae Chr2 replication.
The targets of control are the initiator and the origin. The initiators are controlled by autorepression,
titration, and inactivation, and the origins are controlled by sequestration and handcuffing.
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(Dam-minus cells can survive only when Chr2 is passively maintained by integration
into Chr1 [58].) Methylation also allows the nascent hemimethylated origin to be under
SeqA control, as is the case in E. coli. (iii) RctB also binds to a second kind of site, the
39-mers. There are three such sites in the origin, and they are the primary inhibitors of
Chr2 replication (55). Chr2 thus uses two kinds of sites, 12-mers to activate replication
and 39-mers to inhibit it, as opposed to plasmids, where iterons play both roles. The
39-mers can handcuff with 12-mers of ori2 via RctB bridges (Fig. 7), and this appears to
be the mechanism of inhibition, although it remains to be firmly established. RctB
binding to the origin has been reported to be inhibited in the presence of ATP (not
ADP), although the initiator lacks any known ATP binding motif (59).

There are several mechanisms to stimulate initiation. The majority of them do so by
reducing the inhibitory activity of 39-mers. (i) The 39-mer at the left end of the origin
(Fig. 7) is transcribed, which interferes with RctB binding to that 39-mer, and without
binding, the site cannot serve as an inhibitor (60). (ii) The handcuffing of 39-mers with
12-mers of ori2 inhibits replication, but the effect is the opposite when handcuffing
occurs with 12-mers of inc2 (outside ori2) (Fig. 2) (55). The 12-mers of inc2 are believed
to serve as competitors of 12-mers of ori2 for handcuffing with 39-mers, which reduces
the inhibitory activity of the 39-mers on ori2. (iii) ParB2, a protein that binds to
Chr2-specific centromeres for the segregation of Chr2, also binds to 39-mers by two
mechanisms: by spreading into the leftmost 39-mer from a nearby centromeric site,
parS2, and by directly binding to the central 39-mer (Fig. 7) (61). ParB2 thus serves as
a competitor of RctB for binding to 39-mers. (iv) There is a novel site in Chr1 that can
enhance Chr2 replication (62). This site remodels RctB in a way that increases its affinity
for 12-mers and reduces its affinity for 39-mers. Since 39-mer binding inhibits and
12-mer binding promotes replication, remodeling biases binding toward the initiation
mode. The location of this site in Chr1, called crtS (Chr2 replication-triggering site), is
such that it would replicate just before the time of Chr2 replication initiation (Fig. 8)
(63). The requirement that crtS be duplicated prior to the replication of Chr2 has been
demonstrated. Duplication affords a mechanism to coordinate the replication of Chr2
with that of Chr1. Indeed, increasing or decreasing the distance of the site from the
Chr1 origin changes the timing of Chr2 replication correspondingly.

The Chr2 replication system thus appears to have evolved from a plasmid-like
system by acquiring three types of additional controls that (i) modify initiator-origin
interactions by allowing initiator dimer binding to 12-mers as an additional inhibitory
mechanism, by separating initiator binding sites involved in promoting (12-mer) and in
inhibiting (39-mer) initiation, and by introducing a methylation requirement for 12-mer
binding and thus making the origin sequesterable; (ii) involve a Par protein in the

FIG 7 Features of V. cholerae Chr2 replication control in addition to those present in plasmid P1. The added
features that inhibit replication are marked in red, and the ones that promote replication are in green. Other
symbols are the same as those described in the legend of Fig. 2. In Chr2, initiation requires initiator (RctB)
binding to the array of 12-mers, but this requires the sites to be methylated (red dots). The methylation
requirement also subjects the nascent hemimethylated sister origins to be inhibited by SeqA. In addition to
12-mers, RctB binds to a second kind of site, 39-mers (red boxes). The 39-mers interact with 12-mers within
ori2 and inhibit the origin strongly. Several activities reduce RctB binding to 39-mers and thereby reduce their
inhibitory activity. The interaction of 39-mers with 12-mers within ori2 is competed (reduced) by 12-mers
outside ori2. The leftmost 39-mer is transcribed from a promoter that overlaps 12-mers. When the 12-mers are
not bound, the promoter is active, and transcription across the 39-mer interferes with RctB binding to that site
and thus decreases its inhibitory activity (60). The same 39-mer is also restrained by ParB2 spreading from a
nearby centromeric site, parS2 (61). The centrally located 39-mer is bound directly by ParB2, which competes
with RctB binding. There is a site in Chr1, crtS, that remodels RctB such that its binding to 39-mers is reduced
and its binding to 12-mers is increased, both of which favor initiation (Fig. 8). The rightmost red box (a
truncated 39-mer) serves as the operator for rctB autorepression (99).
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regulation of replication; and (iii) allow coordination of replication with that of a site in
Chr1. The presence of these additional controls can help explain how inhibitory
activities could dominate postinitiation and how they are overcome to allow initiation
in the next cell cycle. Since the 12-mers are hemimethylated and are bound by SeqA
following initiation, this would prevent RctB binding to 12-mers. The 39-mers that are
devoid of methylation sites remain competent in RctB binding and available for their
inhibitory activities. The initiator promoter is also likely to be repressed at this stage,
being controlled by a 39-mer, which would dampen the increase in new initiator
synthesis. The 39-mers could also serve as titrating sites to decrease the availability of
RctB for initiating replication. When the 12-mers become fully methylated and com-
petent in RctB binding, they can restrain the 39-mers by DNA looping (Fig. 7). The
39-mers will also be restrained by ParB2, and one of them will be restrained by
transcription across it. The timing of these events in the cell cycle is not yet clear.
Finally, the activation of crtS by replication also appears to reduce 39-mer binding and
promote 12-mer binding, both of which would favor initiation (64). A noteworthy
feature of crtS is that its activation leads to the firing of an ori2 once in a cell cycle,
which conforms to one of the basic requirements of cell cycle control of replication (63).

In E. coli, a miniplasmid that carries the entire Chr2 origin replicates at a copy
number comparable to that of the E. coli chromosome, whereas if the miniplasmid
carries only the minimal origin, ori2 (Fig. 2), the copy number can increase at least
10-fold (55, 56, 59, 64). ori2 thus appears to have a considerable capacity for overini-
tiation. Even then, the ori2-containing plasmids are not maintained in cells if a 39-mer
is added to it, indicating that the 39-mers have excess inhibitory capacity. Chr2 thus has
both strong positive and negative regulatory capacities and several mechanisms to
fine-tune these activities, particularly to restrain the inhibitory activity of the 39-mers.

In rich medium, V. cholerae, like E. coli, grows rapidly, and under these conditions,
the cell generation time decreases, but the replication elongation rate does not

FIG 8 Coordination of replication between the two chromosomes of V. cholerae. A novel site in Chr1 (crtS
[marked in green]) binds and remodels RctB such that its binding to 12-mers increases and its binding
to 39-mers decreases (62). Since 12-mer binding helps to activate initiation and 39-mer binding helps to
inhibit it, the changes in both kinds of binding by crtS are favorable to Chr2 replication. The position of
the site (around 3 o’clock) is such that a replication fork would travel across it shortly before the time of
Chr2 replication initiation. The timing of Chr2 replication is thus made dependent on the position of the
crtS site (63).
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increase correspondingly (65). Consequently, depending on the chromosomal length,
the time to complete a round of replication can significantly exceed the generation
time. This challenge is handled by initiating DNA replication on a partially duplicated
chromosome, causing overlapping rounds of replication (65, 66). The number of
overlapping rounds required depends on the chromosomal length. For example, at a
certain growth rate, while E. coli (4.6 Mb) requires two overlapping rounds of replica-
tion, V. cholerae Chr1 (3.0 Mb) requires one, and Chr2 (1.1 Mb) requires none (67). Under
these conditions, only Chr2 duplicates in a time that is less than the generation time.
Dividing the genome thus has reduced the requirement for overlapping replication
cycles. Other than the chromosomal length and generation time, no dedicated genes
for controlling replication specifically during rapid growth have been identified.

DIFFERENCES BETWEEN RANDOM AND CELL CYCLE-REGULATED REPLICATION

Chr2 is the first bacterial example of a chromosomal replicon not regulated by DnaA,
meaning that an increased DnaA concentration does not increase the Chr2 copy
number (68). However, DnaA is a factor required for the replication of Chr2, as it is in
the replication of plasmids such as P1 and F (51, 69). Except for crtS, the Chr2-specific
regulatory elements (12-mers, 39-mers, and RctB) are encoded in Chr2 (55, 68, 70).
Nonetheless, Chr2 replication control has many features that are either similar or
analogous to those that control the replication of the E. coli chromosome and V.
cholerae Chr1. Like these chromosomes, Chr2 has a high density of methylation sites in
the origin and uses SeqA to inactivate the origin for a significant part of the cell cycle.
This appears to be the key feature for replication once per cell cycle as well as for
replication at a defined time in the cell cycle (57, 63). The 39-mers can be likened to the
datA locus, as they both bind their cognate initiators for inhibitory purposes. Similarly,
the crtS site in Chr1 can be likened to DARS, as they both serve to promote replication.
Like SeqA, the Chr1 site is a determinant of the timing of Chr2 replication.

The replication of Chr2 also involves a Vibrio-specific element, the crtS site (63). This site
appears to have evolved out of the requirement to coordinate the replication of the two
chromosomes, a necessity irrelevant for bacteria with undivided genomes. Since the
replication of Chr1 is cell cycle regulated apparently similarly to the E. coli chromosome, an
economical mechanism to regulate Chr2 replication in the cell cycle could have been to
add to its plasmid-like features the dependence on the crtS site. The presence of many
additional features in Chr2 compared to plasmids suggests that these features make the
intrinsic Chr2 replication control system efficient enough that an external signal from Chr1
can be effective in coordinating the timing of replication of the two chromosomes.

The elongation phase that is related to chromosomal length is not utilized in Chr2
replication control as much as it is used in E. coli replication, perhaps because the time
of elongation for Chr2 is short compared to the time between initiation events. Chr2
does not have as many titration sites outside the origin as those present in the E. coli
chromosome (62). The origin-centric replication control of Chr2 is reminiscent of its
origin from a plasmid.

In sum, although Chr2 replication control is similar in many ways to that of its
counterpart in plasmids, it is also considerably more complex, and the number and
variety of regulators are similar to those that control chromosomal replication in E. coli
and other bacteria (described below). In fact, although the core control processes seem
to have come from plasmids, the Chr2 regulators also include E. coli-like and V.
cholerae-specific control elements. In E. coli, inactivation of almost any of the regulators
disrupts the timing of replication initiation, which could compromise the fitness of the
mutants in competitive environments (43). The fitness cost of mutating the Chr2
regulators is not known. While Chr2 exhibits some of the features seen in cell cycle-
coordinated chromosomes (primarily dependence on SeqA and the datA analog 39-
mers) (Fig. 6), they are not sufficient for cell cycle coupling of initiation without the
additional participation of a novel regulator, the crtS site. This site also appears to be
required for Chr2 replication initiation and not merely for controlling the timing of
initiation (63).
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SPECIES-SPECIFIC CONTROL

As discussed above, the regulators of Chr2 include a species-specific element, the
crtS site. Although bacterial DNA replication control mechanisms are based primarily on
DnaA, its availability and activity are controlled rather differently in different bacteria by
using a variety of species-specific elements. Below we illustrate the existence of such
elements in B. subtilis and Caulobacter crescentus, the two bacteria other than E. coli and
V. cholerae for which replication control has been extensively studied. The species-
specific elements appear to be used for the adaptation of these bacteria to their
complex lifestyles.

During vegetative growth, B. subtilis replication initiation is controlled by Soj (71).
Soj is a homolog of the highly conserved segregation protein ParA. Soj monomers
inhibit replication by inhibiting DnaA oligomerization (72–74). Upon dimerization,
which requires binding to ATP, Soj activates replication, possibly by promoting DnaA
oligomerization. (Likewise, ParA1 promotes the replication of V. cholerae Chr1 by
interacting with DnaA, although V. cholerae is distantly related to B. subtilis [75].) In
addition to the Soj monomer, B. subtilis uses another inhibitor, YabA, which interacts
with DnaA and could also be preventing the polymerization of DnaA, similarly to Soj
monomers (76). An additional role of YabA could be to sequester DnaA to within the
elongating replisome, thus depriving the origin of the initiator (77). YabA interacts with
the clamp of the replisome, and in this sense, it is analogous to the Hda protein of the
E. coli RIDA system. It is not known whether YabA can convert DnaA-ATP to DnaA-ADP;
nonetheless, it appears to be the primary inhibitor of replication in B. subtilis. Another
noteworthy difference from E. coli is the absence of dam and seqA genes in B. subtilis
(SeqA is found in only a subset of Gram-negative bacteria [78]). Thus, although DnaA
is regulated by autorepression and titration by sites outside the origin, as in E. coli (79,
80), several other regulators in B. subtilis are quite distinct, some of which are present
because of the option to sporulate. DNA replication initiation is inhibited when the cells
enter sporulation. This is achieved through a sporulation-specific transcription factor,
Spo0A, which also binds to the replication origin (81, 82). This interferes with DnaA
binding to the origin and, consequently, origin opening. Replication initiation is further
inhibited by another protein, SirA (sporulation inhibitor of replication A), which is
induced by Spo0A. SirA targets the DnaA protein directly and displaces it from the
origin (83, 84). These controls ensure that unnecessary replication is not initiated when
cells are proceeding to dormancy.

C. crescentus is another bacterium with a complex lifestyle, as it differentiates into
two cell types, swarmer and stalked, in each cell cycle. A novel inhibitor, CtrA, is used
to control replication initiation in a cell type-specific fashion (85). Phosphorylated CtrA
binds to multiple sites in the origin and serves as a competitor of DnaA binding (86).
The negative feedback following replication initiation seems to come from decreasing
DnaA activity and availability and increasing CtrA activity and availability (87, 88). DnaA
activity is decreased primarily by Hda, as in E. coli. Availability is decreased because the
efficiency of the dnaA promoter decreases when it becomes hemimethylated following
replication initiation. DnaA synthesis is further repressed by GcrA, a potent cell cycle
regulator that accumulates in replicating stalked cells, and by an antisense noncoding
RNA posttranscriptionally (89). Moreover, DnaA is proteolyzed in a timely manner with
the help of a ClpP protease and possibly the Lon protease (88, 90). Hda, in addition to
controlling DnaA activity, helps to accelerate DnaA turnover (91). CtrA availability
increases following replication initiation because the ctrA promoter is activated upon
hemimethylation and by GcrA, opposite from what happens to the dnaA promoter. In
C. crescentus, in addition to cell cycle (temporal) control, there is also spatial control. The
bacterium replicates DNA only in stalked cells because of the differential presence of
CtrA in the two cell types. In stalked cells, CtrA is dephosphorylated (rendering it
inactive in DNA binding) and is proteolyzed, allowing replication initiation. At the end
of the cell cycle, CtrA is maximally synthesized in predivisional cells but is preferentially
found in the swarmer cell compartment because proteolysis is restricted in the stalked-
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cell compartment. From this limited description, it should be clear that changes in the
balance between initiators and inhibitors (DnaA and CtrA) are also critical for replication
control in C. crescentus. The timing of replication initiation is perhaps best understood
in this system because of a clear understanding of the temporal control of cell
cycle-regulated genes (92).

Some of the other examples of species-specific replication regulators include AdpA,
which helps to coordinate replication in Streptomyces coelicolor with the developmental
program of the bacterium (93). In Mycobacterium tuberculosis and Helicobacter pylori, the
signal transduction proteins (response regulators) MtrA and HP1021, respectively, control
replication by interacting with the origin and influencing DnaA binding (94, 95). Like CtrA,
the role of MtrA in the cell cycle regulation of replication has been determined.

CONCLUDING REMARKS

Here we have reviewed some features of the replication control system of Chr2 that
apparently allow plasmid-like random timing of replication initiation to become non-
random in the cell cycle, the norm in chromosomal replication. Many of these features
make sense in that they are mechanistically or conceptually similar to the mechanisms
used by other chromosomes. However, it is still unclear why plasmid-like mechanisms
would need these additional features to ensure nonrandom timing, when timing in fact
could also be produced by the most basic replication control systems. Specifically,
consider the simplest version of inhibitor dilution mechanisms with a cooperative
inhibition mechanism and where random effects in the control system are minor, i.e.,
where attempts to initiate replication are successful only when the inhibitor concen-
tration is below a fixed threshold concentration. Under conditions where the average
copy number is so low that plasmids typically change from a single copy in the
beginning of the cell cycle to two copies at the end of the cell cycle, which can be
achieved by tuning rate constants such as inhibitor expression, dilution of all compo-
nents due to cell growth eventually causes the inhibitor concentration to drop below
the replication threshold for some critical cell size. Cells will then replicate the plasmid
close to the time when cells reach the critical size, and because the increase in gene
dosage quickly leads to an increase in the inhibitor concentration, further replication
events are blocked. Cell size of course does not correlate perfectly with the time in the
cell cycle, but even for chromosomes, it is the cell size and not time that is believed to
correlate with the initiation of replication (96).

Such perfect threshold mechanisms would also create timed initiations at higher
average plasmid copy numbers but then at multiple specific cell sizes. For example, if
a plasmid on average doubles from 10 to 20 copies during the cell cycle and uses a
sharp threshold mechanism, an increase from, e.g., 12 to 13 would block further
replication attempts only briefly after each replication and soon permit another repli-
cation. Because of measurement errors, or slight differences between cells, 10 pulses of
replication would likely appear “smeared,” as if there were no cell cycle pattern at all.

Thus, sharp replication control mechanisms that sense the exact concentration and
thus the cell volume for a given copy number would likely appear random at high
average copy numbers and cell cycle specific at very low copy numbers. Most so-called
low-copy-number plasmids are indeed present in multiple copies per cell under most
growth conditions, and when copy numbers of 1 to 2 are reported in the literature, they
are typically not in units of plasmid copies per cell but in plasmid copies per chromo-
some equivalent under growth conditions where there are multiple copies of the
chromosomal reference gene per cell. Even though cell cycle-specific patterns are
generally not observed for existing plasmids, it is thus possible that their control
systems could be capable of such feats if the copy numbers were simply lowered
further. This raises the question of why secondary chromosomes could not merely
tweak the parameters of preexisting plasmid control systems in order to achieve timing.

One possible explanation is that systems with sharp thresholds, i.e., where a small
fold change in the inhibitor concentration cooperatively produces a large fold change
in the initiation frequency, would be too sensitive to other system imperfections. For
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example, as demonstrated by the mathematical study that started control theory as a
field, Maxwell’s 1867 study of steam engine governors, negative-feedback loops that
respond too strongly to small changes can more easily be destabilized by delays. For
plasmids, there is an elongation delay between committing to replication and produc-
ing additional inhibitor molecules, and because the inhibitors have some finite half-life,
the inhibitor concentration cannot adjust immediately to changes in plasmid copy
numbers. The same is true for fluctuations that arise inherently in the control system
because of the probabilistic nature of all chemical reactions. Highly cooperative mech-
anisms can respond too sensitively to such fluctuations, thereby randomizing the
plasmid level. Thus, a sharply cooperative control mechanism may not be enough to
reliably create cell cycle-specific replication given other constraints on control, explain-
ing why chromosomes use additional control.

That said, the core principles of control are not that different from plasmids to
chromosomes, as we discuss above in the section on common grounds (Fig. 6). The
additional regulators that are found for chromosomes primarily control the initiator,
e.g., either its origin binding (using competitors such as SeqA, SirA, CtrA, MtrA, and
HP1021), its synthesis (GcrA in C. crescentus and replication-induced transcription in B.
subtilis), its availability by sequestration (YabA in B. subtilis) and proteolysis (ClpP in C.
crescentus), or its activity by oligomerization (Soj and YabA in B. subtilis). Thus, the core
features of control still remain centered on the initiator and the origin.

Studies in plasmids and chromosomes have made it abundantly clear that without
inhibitors, replication cannot be controlled, as argued by Pritchard et al. A corollary to
their proposal that the inhibitor concentration must rise after replication initiation has
also gained considerable support, as the initiator-to-inhibitor ratio (monomer to dimer,
DnaA-ATP to DnaA-ADP, and DnaA to CtrA) flips following replication initiation (50).
Replication switch-off would be more rapid if both the initiator and inhibitor are
changed but in opposite directions, as is the case in E. coli and C. crescentus and as has
been argued in the case of plasmid P1. The crtS site in Chr1 promotes initiator binding
that favors initiation but decreases binding that inhibits initiation, thus causing a
synergistic effect on initiation.

A distinguishing feature of chromosomal replication is the use of the bulk of the
chromosomal DNA for regulatory purposes, as replication-elongation-mediated con-
trols are the most common ones in bacteria, including replication-induced transcrip-
tion, sequestration by SeqA and YabA, increased titration due to a duplication of DnaA
binding sites, and DNA-loaded clamp dependence for RIDA (31, 32). The coordination
of replication timing of Chr2 with that of Chr1 apparently also depends on the passage
of the replication fork over the crtS site (Fig. 8). Plasmids control their replication at the
stage of initiation, most likely due to their brief elongation phase.

Replication control has been studied in only a few bacteria. It appears that control
mechanisms can vary considerably among different bacteria: one obvious reason
appears to be for the accommodation of species-specific requirements. Identification of
these species-specific regulators is likely to reveal the common control principles more
clearly. On the contrary, new control principles are likely to emerge from the study of
bacteria with exotic lifestyles. If V. cholerae is any guide, the study of communication
among chromosomes in bacteria with divided genomes is likely to reveal new check-
point control mechanisms (63).
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